The up-regulation of lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), encoded by the OLR1 gene, plays a fundamental role in the pathogenesis of atherosclerosis. Moreover, OLR1 polymorphisms were associated with increased susceptibility to acute myocardial infarction (AMI) and coronary artery diseases (CAD). In these pathologies, the identification of therapeutic approaches that can inhibit or reduce LOX-1 overexpression is crucial. Predictive analysis showed a putative hsa-miR-24 binding site in the 3 0 UTR of OLR1, 'naturally' mutated by the presence of the rs1050286 single nucleotide polymorphism (SNP). Luciferase assays revealed that miR-24 targets OLR1 3 0 UTR-G, but not 3 0 UTR-A (P < 0.0005). The functional relevance of miR-24 in regulating the expression of OLR1 was established by overexpressing miR-24 in human cell lines heterozygous (A/G, HeLa) and homozygous (A/A, HepG2) for rs1050286 SNP. Accordingly, HeLa (A/G), but not HepG2 (A/A), showed a significant down-regulation of OLR1 both at RNA and protein level. Our results indicate that rs1050286 SNP significantly affects miR-24 binding affinity to the 3 0 UTR of OLR1, causing a more efficient post-transcriptional gene repression in the presence of the G allele. On this basis, we considered that OLR1 rs1050286 SNP may contribute to modify OLR1 susceptibility to AMI and CAD, so ORL1 SNPs screening could help to stratify patients risk.
Introduction
Atherosclerosis is characterized by the formation of plaques on the inner walls of arteries that threatens to become the leading cause of death worldwide via its sequelae of acute myocardial infarction (AMI) and stroke. Many studies show that oxidized low-density lipoproteins (ox-LDL) play a key role in atherogenesis. Indeed, sub-endothelial retention of ox-LDL is considered the initial event of atherogenesis, followed by the infiltration and activation of inflammatory cells circulating in the blood [1] . Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) is the main ox-LDL endothelial scavenger receptor (SR) [2] and the ox-LDL/LOX-1 interaction contributes to the triggering of endothelial dysfunction characteristic of atherosclerosis development [1] . Moreover, single nucleotide polymorphisms (SNPs) in the OLR1 gene, encoding LOX-1, have been associated with the risk of developing AMI [3, 4] .
OLR1 (NM_002543) is subjected to alternative splicing generating two isoforms: Loxin (NM_001172633) [5] and OLR1D4 (NM_001172632). OLR1D4 lacks exon 4, so the putative encoded protein is shorter with a distinct C-terminus. No other data are available for this isoform. On the contrary, Loxin, the splice isoform lacking exon 5, is well known and characterized [5, 6] . It encodes for a truncated receptor (LOXIN) lacking two-thirds of LOX-1 functional lectin-like binding domain. LOXIN forms heterodimers with LOX-1 reducing the cells' ability to bind ox-LDL; when LOXIN is coexpressed with LOX-1, it is able to rescue cells from LOX-1-induced apoptosis in a dose-dependent manner [6] . Moreover, in vivo studies on animal models indicate that LOXIN expression induces a significant decrease in plaque coverage within the common carotid artery [7] .
MicroRNAs (miRNAs) are small single-stranded non-coding RNAs of 18-23 nucleotides, active in the regulation of gene expression both at transcriptional and post-transcriptional levels. MicroRNAs, in fact, can block mRNA translation through a partial bond with complementary mRNA targets or determine a complete degradation when pairing is perfectly complementary [8] .
Previous studies have described interactions among OLR1 and different miRNAs; within them, particularly interesting are hsa-let7-g [9] and hsa-miR-21 [10] that are expressed mainly in endothelial cells and are associated with the apoptosis regulation.
To identify new miRNAs modulating the expression of OLR1 and its splice isoforms, we performed an in silico analysis searching for miRNA putative binding sites using popular miRNA target prediction algorithms (TargetScan and miRanda). Among the 89 putative miRNA binding sites identified, we functionally analysed and characterized the putative binding site for hsa-miR-24. In fact, the miR-24 binding site, located in the 3 0 UTR of OLR1, contains a known SNP, rs1050286. Dual luciferase reporter assays showed that miR-24 inhibited the expression of OLR1 by binding to the 3 0 UTR and that the inhibitory role of miR-24 was impacted by rs1050286 SNP.
In addition, the functional relevance of miR-24 in regulating physiologically OLR1 expression was established by miR-24 overexpression studies in human cell lines heterozygous (A/G; i.e. HeLa) and homozygous (A/A; i.e. HepG2) for rs1050286 SNP. As expected, HeLa cells (A/G) showed a significant down-regulation of OLR1 expression both at RNA and at protein level compared to HepG2 (A/A); moreover, the overexpression of miR-24 in HeLa cells resulted in a decrement in cell proliferation rate.
Our results demonstrate that OLR1 is a new target of miR-24 and that a genetic SNP (rs1050286) may disrupt miR-24 binding site modulating OLR1 expression level. On this basis, we postulated that OLR1 rs1050286 SNP might contribute to modify OLR1 susceptibility to AMI and CAD.
Even if these data may be validated by additional studies, they suggest that OLR1 rs1050286 SNP screening could help to stratify patient risk.
Materials and methods miRNA putative binding sites in silico analysis
In silico analysis were performed on the coding sequence and 3 0 UTR of OLR1 gene using TargetScan v6.0 (http://www.targetscan.org/) and miRanda (http://www.microrna.org/) software. All algorithms were run with default parameters. TargetScan predictions were evaluated on genomic multiple alignments of human, mouse, rat, cow, dog and chicken, imposing conservation in at least five species. The TargetScan context component of the score was ignored for the predictions in the coding sequence.
Luciferase reporter assays
The 3 0 UTR of OLR1 containing the putative miR-24 binding site (G) and the 'naturally' mutated site (A) were amplified from genomic GM06991 and GM07053B clones, respectively, and the PCR products were XhoI/NotI digested and subcloned in psiCHECK-2 vector immediately downstream of the Renilla Luciferase gene. The Firefly Luciferase gene reporter was used as control for transfection efficiency. pEFDEST51 premiR-24-2 vector was used to overexpress miR-24 [11] . About 2 9 10 6 cells have been plated in a 60-mm Petri dish and transfected with a total of 5 lg of DNA (for the cotransfection, we used 2.5 lg of each plasmid) using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA). After 24 hrs, a luciferase assay was conducted using Dual Glo â Luciferase Assay (Promega Fitchburg, WI, USA) according to the manufacturer's instructions.
OLR1 SNP rs1050286 genotyping
Genomic DNA was extracted following the Flexigene Kit protocol (Qiagen, Hilden, Germany). A TaqMan â Genotyping Assay protocol (C_7433809_30; Life Technologies, Waltham, MA, USA) was used to analyse rs1050286 SNP in HeLa and HepG2 cell lines.
Cell culture and miRNA overexpression
HeLa and HepG2 cell lines (ATCC) were cultured in complete medium DMEM supplemented with 10% Fetal Bovine Serum (FBS), 19 L-glutamine, 19 Fungizone at 37°C and 5% CO 2 . Cells were seeded in triplicate at a 25,000 cell/cm 2 density and grown in complete culture medium. Both cell lines were transiently transfected by using Calcium Phosphate Transfection Kit (Invitrogen) with 5 lg of pEFDEST51 premiR-24-2 vector and pEGFPN-1 as control. Cells were harvested 48 and 72 hrs after transfection and suspended in 1 ml of Trizol (Ambion Foster City, CA, USA) (until RNA extraction) for qRT-PCR assay and fixed in buffered formalin for immunocytochemistry.
Quantitative real time PCR
Total RNA from transfected cells was treated with DNAse (2 U/ll; Ambion) and then retrotranscribed by using 'High Capacity cDNA Reverse Transcription Kit' (Applied Biosystems, Waltham, MA, USA). A qRT-PCR (SYBR Green assay Applied Biosystems) assay was performed with different primers pairs, designed using the software Primer Blast, specific for each OLR1 isoforms: OLR1 (F:
. RPL37A and b-actin genes were used for data normalization.
Western Blot analysis
Standard protein extraction was performed with RIPA lysis buffer. Denatured protein extracts (35 lg) were loaded on a 10% SDS-PAGE.
Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Hybond-P; Amersham-Pharmacia Biotech, GE Healthcare Life Sciences, Amersham Place, Little Chalfont, Buckinghamshire, UK). Membranes were stained with Ponceau S dye, to check for equal loading and homogeneous transfer and incubated for 1 hr at RT with 3% skim milk (Difco Lab., Detroit, MI, USA) and 0. secondary antibodies. Signals were detected by the SuperSignal-detection method (Thermo Scientific, Waltham, MA, USA) and quantified by densitometry (GeneGnome; SynGene, Bangalore, Karnataka, India) after normalization for b-actin gene product. All the experiments were repeated three times and gave similar results.
Immunocytochemistry
An anti-LOX-1 antibody (R&D, Minneapolis, MN, USA) was used to evaluate LOX-1 expression. To assess the background staining, a negative control was carried out without addition of primary antibody. Secondary antibody (Biotinylated goat anti-rabbit IgG) and following reagents (HRPconjugated streptavidin) were added. After washing, slides were incubated with diaminobenzidine and counterstained with haematoxylin.
Proliferation assay
Transfected cells, seeded in triplicate, at a density of 6 9 10 3 cells/ cm 2 , were counted after 24, 48, 72 and 96 hrs. Trypan blue staining was performed to evaluate cell death percentage. The cell suspension was transferred to a haemocytometer for cell counting.
Statistical analysis
Each analysis was performed in triplicate and data are expressed as mean values AE SD. Student's t-test was used to compare two groups. A P ≤ 0.05 was considered to be significant.
Results
An in silico analysis using miRanda and TargetScan programs was conducted on the entire coding sequence and 3 0 UTR of OLR1 and its splice isoforms to identify new miRNAs binding sites. A total of 89 miRNA putative binding sites (Table 1) potentially interacting with OLR1 were identified. To find known SNPs that could modulate miRNA/OLR1 gene pairing we analysed them in the miR-SNP database (http://www.bioguo.org/miRNASNP/). Twenty-three miRNAs presented SNPs in the binding region (Table 1, in bold) .
Among them, rs1050286 SNP (G>A), mapping in the 3 0 UTR of the OLR1 gene, is located within the seed-binding region for hsa-miR-24 ( Fig. 1A and B) .
To test the interaction between OLR1 3 0 UTR and miR-24, we performed an in vitro luciferase assay. HeLa cells transfected with a plasmid expressing OLR1 3 0 UTR with a conserved hsa-miR-24 seed region (i.e. containing G nucleotide) showed a significant (P < 0.0005) reduction in luciferase level; on the contrary, luciferase level did not change when the same cells were transfected with a plasmid expressing mutated 3 0 UTR (containing A nucleotide) (Fig. 1C) . These results confirm that OLR1 is a bona fide miR-24 target. Moreover, this functional analysis proved that the rs1050286 Gallele leads to a significant lower luciferase activity (P < 0.0005), compared with the A allele, thus demonstrating that in vitro interaction among miR-24 and OLR1 is impaired by rs1050286 SNP. To confirm miR-24/OLR1 binding, we analysed OLR1 and its splice isoform expression (mRNA and protein) in two human cell lines with different genotype (A/G versus A/A) both at 48 hrs and at 72 hrs after miR-24 transfection. Although 48 hrs after transfection we did not observe significant changes in OLR1 mRNA and protein levels (data not shown), 72 hrs post transfection, HeLa cells (A/G) overexpressing miR-24 showed a significant OLR1 (and its splice isoforms) mRNA decrease compared to cells transfected with control vector (Fig. 2A) . Accordingly, LOX-1 protein level decreased to about 65% in HeLa overexpressing miR-24 (Fig. 2B) . LOX-1 down-regulation by miR-24 was also evident using Immunocytochemistry experiments (Fig. 2C-F) . On the contrary, OLR1 and its splice isoform expression level (both mRNA and protein) did not change in HepG2 (A/A) after miR-24 overexpression ( Fig. 2A, B, G-J) .
Interestingly, 96 hrs after seeding the overexpression of miR-24 inhibits cell growth in HeLa cells with respect to the same cell line transfected with the empty plasmid, whereas cell growth did not change in HepG2 cells overexpressing miR-24 compared to the same cells transfected with empty vector (P < 0.01, Fig. 2K ).
Discussion
LOX-1, encoded by the OLR1 gene, is the major endothelial receptor for ox-LDL and plays a fundamental role in the pathogenesis of atherosclerosis [1, 2, 4] . Moreover, it has been demonstrated that normal LOX-1 activity is essential for maintaining the structural integrity of tissues; in fact, an increased activity of LOX-1 is associated with cancer cell invasion [12] .
OLR1 is a spliced gene and its alternative splicing is regulated by six intronic SNPs spanning from intron 4 to 3 0 UTR; these SNPs are in linkage disequilibrium and related to a higher risk of developing AMI [3, 4] . In fact, a specific haplotype (5 0 -CTGGTT-3 0 ) correlates with a OLR1/ LOXIN ratio 33% higher than those identified in individuals carrying another haplotype (5 0 -GCAAGC-3 0 ), and the 5 0 -CTGGTT-3 0 haplotype was significantly associated with CAD and myocardial infarction [3, 5] .
Based on this and other data, LOX-1 is generally considered a promising therapeutic target for both atherosclerosis and cancer [13] .
Therefore, to identify molecular factors that may regulate the OLR1 expression, we performed an in silico analysis on the coding sequence and 3 0 UTR of OLR1 gene to search putative miRNA binding sites. As functional polymorphisms in 3 0 UTRs of several genes have been reported to be associated with diseases by affecting gene expression, we searched for SNPs, in the coding sequence and in the UTRs of OLR1, which map in the identified miRNA putative binding sites. We found a putative hsa-miR-24 binding site that is 'naturally' mutated, inside its seed region, by a common SNP (rs1050286) (Fig. 1) . In fact, in the European population the frequency of the G allele, that results in a conserved miR-24 seed region, is 0.483, whereas the A allele has a frequency of 0.517. However, in black/ African-Americans and in East Asians the G allele has a frequency of 0.233 (dbSNP, http://www.ncbi.nlm.nih.gov/).
In vitro luciferase assay and overexpression studies demonstrate an interaction among miR-24 and OLR1 and also that rs1050286 alters the binding affinity between miR-24 and its 3 0 UTR, thus reducing the suppression of OLR1 expression.
miR-24 is commonly considered as a multifunctional cardio-miR that plays good and bad roles in heart; in fact, it protects cardiomyocytes from apoptosis and reduces cardiac fibrosis, but inhibits angiogenesis and deteriorates heart failure [14] . Moreover, miR-24 is up-regulated in the chronic phase after myocardial infarction and promotes hypertrophic growth of cardiomyocytes in mouse model experiments and the cardiac overexpression of miR-24 resulted in scar size reduction and heart function improvement [15] . Our findings suggest that the rs1050286 SNP in the OLR1 3 0 UTR, by disrupting the regulatory role of miR-24 on OLR1 expression, may contribute to the occurrence of atherosclerosis. Moreover, these results highlight the importance of genotype-dependent differential microRNA regulation in relation to human disease risk.
Finally, these evidence suggest that OLR1 could be a new therapeutic target for miR-24 and represent a starting point for the development of possible therapeutic strategies against diseases related to OLR1 overexpression.
